Protein kinase A (PKA) is a prototype of multidomain signaling proteins functioning as allosteric conformational switches. Allosteric transitions have been the subject of extensive structural and dynamic investigations focusing mainly on folded domains. However, the current understanding of the allosteric role of partially unstructured linkers flanking globular domains is limited. Here, we show that a dynamic linker in the regulatory subunit (R) of PKA serves not only as a passive covalent thread, but also as an active allosteric element that controls activation of the kinase subunit (C) by tuning the inhibitory preequilibrium of a minimally populated intermediate (apo R). Apo R samples both C-binding competent (inactive) and incompetent (active) conformations within a nearly degenerate freeenergy landscape and such degeneracy maximally amplifies the response to weak (∼2RT), but conformation-selective interactions elicited by the linker. Specifically, the R linker that in the R:C complex docks in the active site of C in apo R preferentially interacts with the C-binding incompetent state of the adjacent cAMP-binding domain (CBD). These unanticipated findings imply that the formation of the intermolecular R:C inhibitory interface occurs at the expense of destabilizing the intramolecular linker/CBD interactions in R. A direct implication of this model, which was not predictable solely based on protein structure, is that the disruption of a linker/CBD salt bridge in the R:C complex unexpectedly leads to increased affinity of R for C. The linker includes therefore sites of R:C complex frustration and frustration-relieving mutations enhance the kinase inhibitory potency of R without compromising its specificity.
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allostery | cAMP | dynamics | NMR | intrinsically disordered proteins R egulation of signaling systems often relies on multidomain proteins, which function as conformational switches controlled by allosteric effectors (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . The structural and dynamic changes experienced by folded domains during effector-dependent allosteric transitions have been extensively investigated . However, the current understanding of the allosteric role of partially unstructured linkers is at best scant. Although the role of covalent linkage in colocalization of protein domains is well known, it has recently been hypothesized that linkers, although generally quite flexible, have evolved to serve not simply as passive covalent threads connecting one domain to the next (i.e., "beadson-a-string" model), but also as active components of functionally relevant allosteric networks (22) (23) (24) (25) . To test this hypothesis, here we have investigated the allosteric role of a critical linker in the regulatory subunit (R) of protein kinase A (PKA). This linker bridges the inhibitory site (IS) and a critical cAMP-binding domain (CBD) of R [i.e., RIα (119-244) or CBD domain A (CBD-A), ref. 26 , Fig. 1A ]. The R construct spanning the IS, the linker, and CBD-A [i.e., RIα (91-244) or R A in short, Fig. 1A ] exhibits affinities for the catalytic subunit of PKA (C) and for cAMP as well as structures that are similar to those observed for longer RIα constructs (26) (27) (28) (29) . R A therefore inhibits C in a cAMP-dependent manner (27) (28) (29) and constitutes a functional regulatory unit. In addition, a similar R construct is also found fused to the RET oncogene kinase (30) .
The structures of R A have been solved both in complex with C and cAMP ( Fig. 1 B-E) , providing the first picture of an R:C complex and revealing that CBD-A is composed of a structurally invariant β-subdomain and a more dynamic α-subdomain (27, 28, 31, 32) . The α-subdomain tertiary structure changes dramatically depending on whether R A is bound to C or to cAMP (Fig. 1 B-D) . When bound to C, CBD-A adopts a conformation denoted as "H" (inhibited Holoenzyme or inactive, analogous to "T" in the original Monod-Wyman-Changeux (MWC) model, ref. 4) state ( Fig. 1 C and E) (31). In the H state, the inhibitory region docks in the active site of the kinase, and the α-subdomain of CBD-A provides additional contacts with C that result in an extended R:C interface, covering ∼3,000 Å 2 ( Fig. 1 C and E) (31) . When bound to cAMP, CBD-A adopts a conformation denoted as "B" (active cAMPBound, analogous to "R" in the original MWC model, ref. 4) state ( Fig. 1 B and D) (32) . In apo R A , the H and B states coexist in a dynamic equilibrium (28) , but their C vs. cAMP selectivity patterns are markedly different due to the H vs. B differences at the level of the α-subdomain. The C subunit exhibits higher affinity for the H-rather than the B state, whereas cAMP binds the B state more tightly than the H state, i.e., H and B represent the inactive and active forms of R A , respectively. As a result of the B selectivity of cAMP, cAMP binding to apo R A lowers the population of the H state, causing an effective weakening of the R:C interface and leading to the activation of PKA.
Whereas the crystal structures of the H and B states of R A (28, 31, 32) have been pivotal in understanding the cAMP-dependent activation of PKA, the allosteric role of the flexible R A linker [i.e., RIα (99-118)] remains elusive due to lack of electron density and to crystal packing for several linker residues (28, 32, 33) . Does the R A linker control the cAMP-dependent activation of PKA? If so, how does cAMP affect the R A linker? Here, we address these questions using solution NMR and fluorescence and we propose a model showing that the R A linker, although dynamic and only partially structured, tunes the H vs. B equilibrium of apo R A .
Using a thermodynamic linkage model tested through kinase bioassays, we also show that the position of the apo R A equilibrium is a key determinant of the cAMP-dependent activation of PKA, although apo R is only transiently populated in vivo. In addition, the covariance analysis of NMR chemical shifts reveals that the R A linker is an active element of the cAMP-dependent allosteric networks controlling kinase function. Our results illustrate potentially general principles explaining how flexible linkers exploit weak but conformation-selective interactions to control enzymatic activity and to be in turn controlled by allosteric effectors.
Results
The Impact of the Linker on the Globular cAMP-Binding Domain of R A Is Comparable to That of cAMP-Binding. To probe the relevance of the RIα (91-118) linker, we compared the effects of linker deletion and of cAMP-binding. For this purpose, we measured both the apo RIα (91-244) vs. apo RIα (119-244) chemical shift differences ( Fig. 2A, red bars) and the apo RIα (119-244) vs. cAMP-bound RIα (119-244) chemical shift map (Fig. 2A, black bars) . Fig. 2A shows that both linker deletion and cAMP binding cause pervasive perturbations spanning the whole CBD-A [i.e., RIα (119-244)]. Although the extensive impact of cAMP binding is fully consistent with the long-range conformational changes expected for the H-to-B transition (Fig. 1B) , the marked ppm variations caused by the linker deletion were somewhat unexpected because the linker is known to be only minimally structured based on prior hydrogendeuterium exchange MS data (34) . The lack of well-defined secondary structure in the linker is confirmed by the probability profiles derived from the secondary NMR chemical shifts (Fig. S1  A and B) . Furthermore, the linker appears mostly flexible in the picosecond-nanosecond timescale, as indicated by the proton nitrogen nuclear overhauser effect data (Fig. S1C) . Given that the linker is only partially structured and flexible, it is likely that it interacts only weakly with CBD-A.
To reconcile the weakness of the linker/CBD-A interactions with the pervasiveness of the linker effects on CBD-A ( Fig. 2A) , we propose a hypothesis based on two key notions. First, the linker/CBD-A interactions, although weak, are state-selective, i.e., the linker preferentially interacts with either the B or the H state of CBD-A. Second, the B and H free energies of apo R A are nearly degenerate (i.e., G B ∼ G H ). The energetic degeneracy of the B and H states maximizes the sensitivity of the relative B vs. H populations to weak state-selective interactions, as predicted by the theory of molecular sensors (35) and as illustrated for a simple two-state thermodynamic model in Fig. 2B . Fig. 2B shows that, when starting from a situation approaching free-energy degeneracy (Δ B,H G = 0 kcal/mol) with equal populations for both states (x H = x B = 0.5), a state-selective interaction equivalent to as little as RT [R = gas constant, T = temperature (K)] (∼0.6 kcal/mol) results in a population change of ∼50%. Weak but state-selective interactions of the linker have therefore the potential to cause global changes similar to those observed in Fig. 2A , provided that the B and H free energies in apo R A do not excessively deviate from near degeneracy (Fig. 2B , gray zone). To test this hypothesis we investigated further apo R A (36) . to either C or cAMP, which approximate the H and B states, respectively (Fig. 2C) . For several residues that are remote from the C-and cAMP-binding interfaces (Fig. S2 C and D) , the apo, C-, and cAMP-bound cross-peaks exhibit a clearly linear pattern with the apo state observed in the middle of the two bound states (Fig.  2C ). This linear pattern is conserved in longer R constructs ( Fig.  S2 A and B) and is indicative of fast chemical exchange (37) between the B and H states in apo R A . The central position of the apo cross-peaks (Fig. 2C ) points to comparable B and H populations, i.e., near degeneracy of the B and H states. This finding provides initial support of our hypothesis about the sensitivity of CBD-A to weak state-selective interactions.
To test if the linker is able to provide state-selective interactions and consequently to modify the state populations, we compared the hetero-nuclear single quantum coherence (HSQC) spectra of apo and cAMP-bound RIα (91-244) with that of apo RIα (119-244), without the linker segment (Fig. 2D) . Again a linear pattern was observed, with the peaks of apo RIα (119-244) shifted away from those of cAMP-bound RIα (91-244), which approximates the B state (Fig. 2D) . This observation suggests that the deletion of the (91-118) linker causes a consistent decrease in the population of the B state, pointing to B-selective linker/CBD-A interactions. To independently confirm this result and quantify the strength of the linker/CBD-A interactions, we measured the free energy of unfolding of both RIα (119-244) and RIα (91-244), each in the apo, cAMP-and Rp-cAMPS-bound states (Fig. S3) . The Rp-cAMPS analog is a well-known reverse-agonist of PKA that is selective for the H state of CBD-A and therefore it is useful to promote the stabilization of the inactive H state (Fig. S2E) (28) . The urea-induced unfolding of R A was monitored through intrinsic fluorescence and, because all of the Trp residues present in the R A constructs (i.e., W188 and W222) are confined to CBD-A (38), the fluorescence data of Fig. S3 report primarily on the unfolding of the globular CBD-A. Fig. S3A illustrates that in the presence of excess cAMP, whereby R A populates mainly the B state, the deletion of the (91-118) linker destabilizes CBD-A by about 1.5 kcal/mol (Table S1 ). However, when R A is bound to the Rp-cAMPS reverse-agonist and populates primarily the H state, the removal of the (91-118) linker does not result in any significant destabilization of CBD-A (Fig. S3B and Table S1 ), indicating that the interactions of the linker with the H state of CBD-A are negligible compared with those between the linker and the B state of CBD-A.
As a further control for the B vs. H selectivity in the linker/CBD-A interactions, we also examined the urea-induced unfolding of apo R A with state populations that are intermediate between those of the cAMP-and Rp-cAMPS-bound states (Fig. 2C and Fig. S3C ). As expected, the variation in the free energy of unfolding caused by the linker deletion in apo R A is in between the corresponding values observed in the presence of cAMP and Rp-cAMPS (Fig.  2E and Table S1 ), further confirming the B vs. H selectivity of the linker/CBD-A interactions. Such state-selective interactions contribute a change in the B vs. H free-energy difference of ∼1.4 kcal/ mol ( Fig. 2E and Table S1), which is slightly larger than 2RT ∼ 1.2 kcal/mol (Fig. 2B ) and corresponds to an approximately one-orderof-magnitude variation in the B vs. H equilibrium constant (Fig.  2F) . Further proof of the B vs. H preferential interaction of the linker is provided by paramagnetic relaxation enhancements (PREs) (Fig. S4 D-F) . The B-selective linker/CBD-A interactions lead to two major implications discussed below, i.e. (i) the R A linker is an active element of the cAMP-dependent allosteric networks of R A and (ii) the R A linker tunes both kinase inhibition and activation.
The
interact preferentially with the B-as opposed to the H-state of CBD-A (Fig. 2F) , we anticipate that the allosteric networks controlled by cAMP reach sites in the linker region as well. To test this prediction, we implemented for R A the chemical shift covariance analysis (CHESCA), which has been shown to be effective in mapping effector-dependent networks in other allosteric systems based on a small library of agonist and antagonists (39) . This library includes cAMP, the reverse-agonist Rp-cAMPS, the partial agonist 2′-OMe-cAMP, and the agonist Sp-cAMPS (27, 40) . Based on the residue-specific chemical shift changes caused by these ligands (Fig. S4 A and B) , we computed a residue vs. residue correlation matrix (Fig. 3A) . Fig. 3A clearly indicates that several correlations occur between the flexible linker region and the globular CBD-A (red highlight), providing initial support of our hypothesis about the coupling between cAMP and the linker. A further confirmation of this hypothesis is provided by agglomerative clustering (AC), which reveals that the largest residue cluster derived from the correlation matrix of spans both CBD-A and several sites within the linker region ( Fig. 3 A and B) . The AC residue cluster spanning both the linker and CBD-A (Fig. 3 A and B) underlies the cAMP-dependent activation of PKA, because the linear chemical shift correlations defining such network exhibit a point distribution that correlates well with PKA function: the active (i.e., cAMP and Sp-cAMPS) and inactive (i.e., apo and Rp-cAMPS) forms of R A are well separated (Fig. 3 C and D) , with the partial agonist 2′-OMe-cAMP found in between these two sets ( Fig. 3 C and D) . Because the PKA activation profiles of these cAMP analogs were originally measured for the full-length R subunit (40), the CHESCA results (Fig. 3 C  and D) support the relevance of the R A construct used in these NMR analyses. Note that the AC cluster underlying the cAMPdependent activation of PKA includes the R A residues used in Fig. 2C (i.e., L221 and G159) , confirming the suitability of these residues to monitor the B vs. H equilibrium independently of potentially obscuring binding effects. The results from the AC analysis are also more formally and more generally confirmed by the singular value decomposition (SVD) (Fig. S4C and Table S2 ) of the chemical shift matrix (SI Text) (39) .
Overall, the CHESCA of R A ( Fig. 3 and Fig. S4 ) corroborates our hypothesis that, although flexible, the R A linker is not simply a passive covalent thread between the inhibitory sites and CBD-A, but an active element of the functional allosteric network of R A . In particular, Fig. 3A reveals that several residues in the 112-116 linker region define a contiguous segment involved in extensive correlations with multiple CBD-A residues, suggesting that at least some of these residues may contribute to the preferential B vs. H interactions of the linker with CBD-A. This prediction was tested using two representative and previously undescribed point mutations targeting the 112-116 site, i.e., R113A and I116A. These mutants are expected to cause a loss of B-selective interactions and therefore to result in a shift of the apo R A equilibrium away from the B state. Such expected equilibrium shift was observed in the HSQC spectra of both mutants, showing that the peaks of apo R113A-R A and of apo I116A-R A shift away from those measured for cAMP-bound wild type (wt)-R A (Fig. S5E) .
The B-state selective linker/CBD-A interactions mediated by R113 appear significant enough to result in B vs. H differential solvent exposure, as probed by H/H exchange (Fig. S5 A-D) . The H/H exchange spectra were acquired for both the cAMP-and the Rp-cAMPS-bound forms of R A , which promote the stabilization of the B and H states of CBD-A, respectively (Fig. S5 A-D) . The comparative cAMP vs. Rp-cAMPS H/H analysis reveals that residues 111-114 are more exposed in the Rp-cAMPS-bound form than in the presence of cAMP (Fig. S5 B and D, dotted box) , confirming that R113 and the adjacent residues define a key site for the B-selective interaction of the linker with CBD-A. In agreement with these findings, the side chain of R113 forms multiple salt bridges with CBD-A residues (i.e., D146 and D149) in several crystal structures solved in the presence of cAMP or the Sp-cAMPS agonist (Fig. S6 E-G) (28, 33) .
The salt bridges between R113 and D146/D149 detected in the crystal structures of Fig. S6 E-G are most likely preserved also in solution for the B state of R A , as confirmed by the H/H data of Fig.  S5 A-D showing that several residues in the 141-150 region are more exposed in the Rp-cAMPS-bound form than in the presence of cAMP, similarly to what is observed for R113. However, it would have been challenging to establish the B-state selectivity of the linker/CBD-A contacts solely based on the crystal structures, because R113 is affected by crystal packing (28, 33) and R113 interacts with CBD-A also in the R A :C complex (Fig. S6 C and D) (31). In addition, the linker/CBD-A interface is significantly more extended in the R A :C complex (Fig. 1C) than in the R A :cAMP complex (Fig. 1D ). In the former the linker becomes more structured by docking into the active site of C (Fig. 1E) , whereas in the latter no electron density was observed for residues 91-111 of the linker (Fig. 1D) . However, R113 mediates B-selective interactions, which are likely to be a feature shared by all PKA R-subunit isoforms because this residue is conserved (Fig. S6A) . Such stateselective linker/CBD-A interactions loci are critical to tune the position of the B vs. H equilibrium in apo R A , as schematically illustrated in Fig. 4A .
The R A Linker Tunes both Kinase Inhibition and Activation. To evaluate how the B vs. H equilibrium of apo R A affects the cAMPdependent activation of PKA, we developed a thermodynamic linkage model (Fig. 4A) , which takes into account not only the selectivity of C and cAMP for the H and B states, respectively, but also the possibility of weaker cross-interactions (i.e., C:B state and cAMP:H-state, Table S3 and Eq. S1-S10). This model reproduces well the experimental profile for the cAMP-dependent activation of C inhibited by wt R A (Fig. 4B ) and predicts that, although the apo form of the PKA R subunit is only transiently and minimally populated in vivo, the position of the B vs. H equilibrium of apo R (i.e., L = [H] apo /[B] apo ) is a key determinant of PKA inhibition and activation. As L increases, the average affinity of R for C (K a,R:C ) and the half maximal effective concentration for activation (EC 50 ) for the cAMP-dependent activation of PKA are both predicted to increase (Eq. S5 and Fig. S5F ). These predictions were experimentally tested using the R113A mutant, which leads to increased L values, as proved by NMR (Fig. S5E) . As expected based on the NMR data, the R113A mutation in the linker leads to several-fold increased EC 50 and K a,R:C values relative to wt (Fig. 4 B and C and Fig. S5F ), further confirming the thermodynamic model of Fig. 4A and the role of the linker in tuning both kinase inhibition and activation.
Discussion
Our results directly support the notion that the dynamic R A linker serves the function of tuning the inhibition and the activation of PKA through weak but state-selective interactions, such as those mediated by R113 and I116, whose impact is amplified by the freeenergy near degeneracy of apo R A . Considering that both residues are remote from the R:C and R:cAMP interfaces (Fig. S6 B and I) , the effect of these sites on PKA activation is remarkable. Also unexpected was the enhanced stability of the R A :C holoenzyme resulting from the R113A mutation (Fig. 4C) , despite the loss of the salt bridges mediated by the R113 guanidinium in R A :C (Fig.  S6 C and D) . These linker/H-state contacts are not affected by crystal packing and the apparently counterintuitive enhancement in the affinity of R A for C caused by the R113A R A mutation is explained considering that the salt bridges formed by R113 in C-bound wt R A (H state; Fig. S6 C and D) are weaker than those generated by R113 in the B state of apo wt R A (Fig. 5A and Fig. S6 E-G). Consequently, the R113A mutation causes only a marginal increase in the free energy of the R A :C complex, but a more significant increase in the free energy of apo R A , which samples the B state as well (Fig. 5) . The overall net effect of the R113A mutation in R A is to increase the magnitude of the binding free energy for the R A :C complex (Fig. 5) , i.e., R113A R A is a more potent kinase inhibitor than wt R A , as observed in Fig. 4C .
The enhanced stability of the R113A R A :C complex vs. the wt R A :C complex (Figs. 4C and 5) suggests that the interactions mediated by the R113 guanidinium in the wt R A :C complex ( Fig.  S6 C and D) are frustrated, although the contacts between the R113 guanidinium and the H state of CBD-A are partially stabilized by the C subunit as the IS at the N terminus of the linker is recruited into the active site of the kinase ( Fig. 1 C and E) . The local structural frustration (41) originating from the R A linker within the inhibitory R A :C complex is absent in cAMP-bound R A , because cAMP selects for the B state of CBD-A. Therefore, we conclude that structurally frustrated linkers have evolved to assist small molecules, such as cAMP, in effectively disrupting large (∼3,000 Å 2 ) protein-protein interfaces, such as that in the R A :C complex.
In conclusion, we have shown that the dynamic linker of the functional R A construct of PKA (Fig. 1A) controls the position of the active vs. inactive conformational equilibrium of the apo cAMP-binding domain A (CBD-A). The active vs. inactive near degeneracy of the apo CBD-A amplifies the functional impact of weak but state-selective linker/CBD-A interactions, e.g., salt bridges between R113 in the linker and D146/D149 in CBD-A, which are preferentially formed in the B state (active) rather than the H state (inactive) of CBD-A. These state-selective linker/ CBD-A interactions result in an effective coupling between the linker and CBD-A. We have shown both theoretically and experimentally that such linker/CBD-A coupling leads to two previously unanticipated consequences. First, the cAMP-dependent allosteric networks of R A unexpectedly extend well beyond the folded CBD-A domain to the more flexible linker. Second, the effect of the linker on the minimally populated apo R A intermediate is critical to tune not only the cAMP sensitivity of kinase activation (EC 50 ), but also kinase inhibition half maximal inhibitory concentration (IC 50 ). This is because the R A :C inhibitory interface, which selects for the H-state of CBD-A, is formed at the expense of locally destabilizing the intramolecular linker/CBD-A interactions; i.e., the linker includes discrete sites of local structural frustration in the R A :C inhibitory complex. Such frustration has evolved to assist the disruption of large protein-protein interfaces by small allosteric ligands and, when relieved by deletion mutations (e.g., R113A), leads to an R construct with enhanced kinase inhibitory potency without affecting the R:C interface. Overall, our results imply that not all multidomain proteins are adequately described by a beads-on-a-string model because selected linkers provide an additional level of functional regulation that goes beyond the colocalization of different structural modules, suggesting that multidomain systems are not only the product of gene fusion but of a higher degree of evolution. In addition, although the results presented here apply to the monomeric deletion RIα constructs used, they provide a necessary first step toward the full assessment of the role of the linker interactions in longer RIα constructs and in the quaternary structure of PKA.
Materials and Methods
Details for protein expression and purification, NMR data acquisition for the RIα (91-244), holoenzyme RIα (91-244):C complex, and for RIα (91-379), thermodynamic modeling and measurements of PKA inhibition, and cAMPdependent activation are provided in SI Text. RIα (119-244) was expressed and purified according to previously published protocols (42) (43) (44) .
All spectra were recorded at a temperature of 306 K on a Bruker AV 700 spectrometer equipped with TCI cryoprobe. All spectra were processed with NMRpipe (45) using linear prediction, unless otherwise specified, and a resolution-enhancing 60°shifted sine-squared bell window function. The NMR spectra were analyzed with Sparky (46) using Gaussian line-fitting. Assignments were obtained either through triple-resonance 3D experiments [i.e., HNCO, HNCA, HN(CO)CA, CBCA(CO)NH, and HNCACB] (47) and/or through spectral comparisons, if no ambiguities were present. HN NOE data were acquired as previously reported (48, 49) and processed without linear prediction. A 10-s recycle delay was used to include a 5-s proton saturation period. Data were collected in 10 sets of saturated and unsaturated interleaved spectra. All spectra were coadded before processing using NMRpipe, resulting in a total of 40 scans per serial file for each NOE experiment (with and without 1 H saturation). The steady-state NOE values were computed as the ratio of the intensities in saturated to unsaturated spectra. The error on the NOE values were gauged based on the SD between fit heights in replicate spectra. Some of the least sensitive NMR experiments were acquired using the RIα (96-244) construct, which is more soluble than RIα (91-244) but preserves very similar spectra, i.e., 94% of RIα (96-244) HSQC peaks are overlapped with those of RIα (91-244). The secondary structure probabilities were determined using the secondary chemical shifts via the PECAN software (50) . Combined chemical shift changes in Fig. 2A were measured as √(Δδ 1H 2 + 0.2 2 Δδ 15N 2 ). In Fig. 2E , the percent of B state was assessed using four residues that sense the position of the H vs. B equilibrium (i.e., V115, G178, G223, and L221) and assuming that the RIα (91-244):C and RIα (91-244):cAMP complexes represent the H and B states, respectively. In apo R113A R A , the H state is more populated than in apo wt R A , because R113 forms stable salt bridges in the B-but not in the H state of apo wt R A . For clarity, the weak cross-interactions between C and the B state of apo R A are not shown.
